









Abstract: 7KH DLP RI WKLV DUWLFOH LV WR
GHPRQVWUDWH WKH FDSDELOLW\ RI WKH VRIWZDUH IRU
SUHGLFWLQJ IUHHVXUIDFH PRWLRQ LQWHUQDO IOXLG
IORZDQGWHPSHUDWXUHLQDQHOHFWURPDJQHWLFDOO\
OHYLWDWHGVDPSOHRIOLTXLGPHWDO0XOWLSK\VLFV
VROXWLRQV ZKLFK GHPRQVWUDWH WKH XVHIXOQHVV RI
&RPVRODVDSRZHUIXO0+'VLPXODWLRQWRROKDYH
EHHQJHQHUDWHGWRWZRLQGXVWULDOSUREOHPVXVLQJ
WKH $/( PRYLQJPHVK PRGXOH LQ FRPELQDWLRQ
ZLWK WKH 1DYLHU6WRNHV 0D[ZHOO DQG *HQHUDO
+HDWWUDQVIHUPRGXOHV7KHILUVWSUREOHPZKLFK
KDV UHOHYDQFH WR FRQWLQXRXV FDVWLQJ RI PHWDO
LQJRWVLQDFROGFUXFLEOHFRQVLGHUVWKHWUDQVLHQW




GHWHUPLQLQJ SRZHU UHTXLUHPHQWV DQG WKHUPDO
ORVVHV 7KLV FDQ WKHQ EH IHG LQWR D ' PRGHO
ZLWKVWDWLFJHRPHWU\ WRLQFOXGHWKHHIIHFWVRI
MRXOH KHDWLQJ DQG WKH LQIOXHQFH RI WKH ILQJHU
VHJPHQWV  7KH VHFRQG SUREOHP LV FRQFHUQHG
ZLWKWKHWKHUPRSK\VLFDOSURSHUW\PHDVXUHPHQW
RI UHDFWLYH PROWHQ PDWHULDOV XVLQJ D QRYHO
WHFKQLTXH UHSRUWHG LQ >@&RPVRO LV XVHG WR
SUHGLFW WKH VXUIDFH PRWLRQ FHQWUH RI PDVV
RVFLOODWLRQV DQG WHPSHUDWXUH IOXFWXDWLRQ LQ D
PHWDO GURSOHW VXVSHQGHG LQ WKH $& ILHOG RI D
VROHQRLG







DSSOLFDWLRQV LQ PHWDO SURFHVVLQJ  VKDSH
FRQWUROOLQJ IORZ VXSSUHVVLRQ FDVWLQJ SURSHUW\
PHDVXUHPHQWHWF>@7KHWHFKQRORJ\UHOLHVRQ
WKHXVHRIDQLQGXFWLRQFRLOFDUU\LQJ$&FXUUHQW
DW PHGLXPKLJK IUHTXHQF\ WR PHOW DQG FRQWURO




FUXFLEOH´ >@ ZKLFK FRQVLVWV RI D SOXUDOLW\ RI
HOHFWULFDOO\ GLVFRQQHFWHG ZDWHUFRROHG FRSSHU
VHJPHQWVDUUDQJHGLQDFLUFOHVXUURXQGHGE\DQ
LQGXFWLRQ FRLO 7KHVH VHJPHQWV HQFORVH WKH
FKDUJH W\SLFDOO\ RI D WLWDQLXPEDVHG
FRPSRVLWLRQ ZKLFKLV PHOWHG E\-RXOHKHDWLQJ
YLD WKH LQGXFHG HGG\ FXUUHQWV IURP WKH
DOWHUQDWLQJPDJQHWLFILHOGRIWKHFRLOV0DJQHWLF
IRUFHV OLPLW WKH FRQWDFW DUHD EHWZHHQ WKH PHOW
DQG WKH VHJPHQWV WKHUHE\ UHGXFLQJ XQZDQWHG
KHDWORVV7KHPDLQDGYDQWDJHRIFROGFUXFLEOHV









³ERWWRPOHVV´ FUXFLEOH )LJ    7KH PROWHQ
YROXPHZKLFKLVDGRPHVKDSHGRQWRSE\WKH
(0 FRQILQHPHQW IRUFH LV GUDZQ GRZQZDUGV
WKURXJK D ZDWHUFRROHG VOHHYH IRUPHG E\ WKH
VHJPHQWVXVLQJDPHFKDQLFDOZLWKGUDZDOV\VWHP
>@$ VROLGLILFDWLRQ IURQW RU ³FUXVW´ GHYHORSV
ZKLFKJURZVDFFRUGLQJWRWKHUDWHDWZKLFKKHDW
LVH[WUDFWHG7KHSURFHGXUHLVFRQGXFWHGZLWKLQ


















feeder ﾠ ﾠFRSSHU VHJPHQWV GXH WR HOHFWURPDJQHWLF
WUDQVSDUHQF\>@+HQFHWKHVWHDG\VWDWHVKDSH




FRQVLGHULQJ WKH HOHFWURPDJQHWLF FRQILQHPHQW
IRUFHV RQ D YROXPH RI PROWHQ WLWDQLXP 7KH




0D[ZHOO VROYHUV \LHOGLQJ D WUDQVLHQW PDJQHWR
K\GURG\QDPLF GHVFULSWLRQ RI WKH PHOW   7KH
VWHDG\VWDWH VKDSH FDQ WKHQ EH XVHG LQ D '
PRGHOZLWKVWDWLFJHRPHWU\WR\LHOGHVWLPDWHV




GLVFXVVHG KHUHZLWK LV LQ WKH WKHUPRSK\VLFDO
SURSHUW\ PHDVXUHPHQW RI UHDFWLYH DOOR\V
&RQYHQWLRQDOPHWKRGVRIVWXG\LQJVXFKDOOR\VDW
KLJK WHPSHUDWXUH DUH GLIILFXOW GXH WR SRWHQWLDO






OHYLWDWLQJ WKH VDPSOH LQ WKH $& ILHOG RI D
VROHQRLGZLWKDVWDWLF'&PDJQHWLFILHOGSUHVHQW
WR VXSSUHVV FRQYHFWLRQ   7KH DXWKRUV DVVXPH
WKDWWKHGURSOHWKDVDIL[HGVSKHULFDOVKDSHZKLFK
LV RQO\ DQ DSSUR[LPDWLRQ LQ UHDOLW\ :LWK
&RPVRO XVLQJ WKH PRYLQJ PHVK PRGXOH LW LV
SRVVLEOHWRSUHGLFWG\QDPLFVXUIDFHGHIRUPDWLRQ
DQG D[LDO WUDQVODWLRQDO PRWLRQ RI WKH GURSOHW
DFFRUGLQJ WR WKH HIIHFWV RI JUDYLW\ VXUIDFH
WHQVLRQ DQG PDJQHWLF SUHVVXUH  7KLV LV
LPSRUWDQWEHFDXVHDQ\LQVWDELOLW\ FRXOGOHDGWR
DQ LQDFFXUDWH PHDVXUHPHQW RI WKH WKHUPDO
FRQGXFWLYLW\

2. Geometry configurations 
 
2.1 Cold crucible continuous casting 
7KHJHRPHWU\RIRQHTXDUWHURIWKHFROGFUXFLEOH
XVHG LQ WKH FRQWLQXRXV FDVWLQJ DSSOLFDWLRQ LV
VKRZQ LQ )LJ  7KH FUXFLEOH GLPHQVLRQV DUH
W\SLFDO IRU DQ LQGXVWULDO VFDOH LQVWDOODWLRQ
6L[WHHQ ZDWHU FRROHG FRSSHU VHJPHQWV ZLWK
UDGLDO WKLFNQHVV PP DQG LQQHU UDGLXV PP





















DQG ILQJHU VHJPHQWV FDQ EH PRGHOHG XVLQJ DQ
LPSHGDQFHERXQGDU\FRQGLWLRQ

2.2 Thermo-physical property measurement 
$FRQWDFWOHVVWHFKQLTXHKDVEHHQGHYHORSHGIRU
PHDVXULQJWKHWKHUPDOFRQGXFWLYLW\RIDPROWHQ









H[SHULPHQWDOO\ PHDVXULQJ WKH SKDVH VKLIW
EHWZHHQWKHZDYHIRUPIRUWKHLQSXWSRZHUIURP
WKH ODVHU DQG WKH WHPSHUDWXUH UHVSRQVH DW WKH

















7KH DXWKRUV DVVXPH WKDW WKH GURSOHW UHPDLQV
VSKHULFDO7KHPRYLQJPHVKPRGXOHLVXVHGWR




LQVWDELOLW\ FRXOG OHDG WR IOXFWXDWLRQ LQ WKH
WHPSHUDWXUH ZKLFK FRXOG FRPSOLFDWH WKH
PHDVXUHPHQWRIWKHSKDVHVKLIW

3. Numerical Models 

7KH 0+' LQGXVWULDO DSSOLFDWLRQV GHVFULEHG LQ
WKLV SDSHU LQYROYH PRGHOOLQJ IOXLG IORZ KHDW
WUDQVIHUDQG0D[ZHOOVHTXDWLRQVZLWKG\QDPLF
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ZKHUH U LV WKH GHQVLW\ u  =  (u,v)  LV WKH IOXLG




FRQGXFWLYLW\ PWKH PDJQHWLFSHUPHDELOLW\ A
WKHHOHFWURPDJQHWLFYHFWRUSRWHQWLDODQG FGDPS 
LV WKH GDPSLQJ IRUFH ZKHQ D VWDWLF D[LDO
PDJQHWLFILHOGRIVWUHQJWK%VLVSUHVHQW&RPVRO
SURGXFHVDWLPHKDUPRQLFVROXWLRQRI0D[ZHOO¶V
(TXDWLRQV LQ WHUPV RI WKH YHFWRU SRWHQWLDO A
ZKLFKVDWLVILHVuA B

7KH PRYHPHQW DQG GHIRUPDWLRQ RI WKH IUHH
VXUIDFH LV PRGHOHG XVLQJ DQ $UELWUDU\
/DJUDQJLDQ(XOHULDQ$/(IRUPXODWLRQZKLFKLV
DK\EULGFRPELQDWLRQRIWKHFODVVLFDO/DJUDQJLDQ
DQG (XOHULDQ DSSURDFKHV  7KH /DJUDQJLDQ
DSSURDFK LV XVHIXO IRU PHFKDQLFDO SUREOHPV RU
³FRQWDLQHG IOXLGV´ LQ ZKLFK WKH ERXQGDU\
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ZULWWHQ PRUH FRQFLVHO\ LQ WHUPV RI WKH VWUHVV
WHQVRU DV 3QQ   *J 3WQ   ZKHUH  n LV WKH
RXWZDUG XQLW QRUPDO 3D LV WKH VXUURXQGLQJ
SUHVVXUH LQWKLVPRGHO*LVWKHFXUYDWXUH





















YHFWRU SRWHQWLDO A ZKLFK \LHOGV WKH WLPH
DYHUDJHG/RUHQW]IRUFH5HJ[BDFWLQJRQWKH
IOXLG LV VROYHG WKURXJKRXW WKH HQWLUH GRPDLQ
3UHVVXUHDQGYHORFLW\DUHVROYHGRQO\ZLWKLQWKH
PHOW ]RQH  7KH ERXQGDU\ FRQGLWLRQ  LV
LPSRVHGRQWKHIUHHVXUIDFHDQGDZDOOQRVOLS
FRQGLWLRQ RQ WKH ORZHU IDFH 2VFLOODWRU\
EHKDYLRULQWKHOLTXLGHQYHORSHLVGDPSHGE\WKH




















WKH FUXFLEOH WR LQFOXGH WKH HIIHFW RI WKH ILQJHU
VHJPHQWV  ,I FRLO KHOLFLW\ LV LJQRUHG ZH PD\




VLGH E\ KDOIDQDLU JDS PP  7KH [
FROXPQ YHFWRU RI YROWDJH SKDVRUV QHHGHG WR
LPSRVHDQHIIHFWLYHFXUUHQWRIN$LQHDFKWXUQ
RI WKH FRLO LV REWDLQHG IURP WKH [ FRPSOH[
LPSHGDQFH PDWUL[   7KH FRPSOH[ LPSHGDQFH









PP LQ UHODWLRQ WR WKH WKLFNQHVV RI WKH
ILQJHUV PP DQG WKH FRLO UDGLXV PP ZH
HPSOR\ WKH ³LPSHGDQFH ERXQGDU\ FRQGLWLRQ´
7KLV FRQGLWLRQ HPSOR\V WKH ' GLIIXVLRQ
HTXDWLRQWRLPSRVHWKHUDWLR(+RQWKHVXUIDFH
RIWKHFRQGXFWRUV0DWKHPDWLFDOO\LWLVZULWWHQ
     s Z























PRGXOHV  $Q HIIHFWLYH FXUUHQW RI $ DW
N+] LV LPSRVHG LQ WKH VROHQRLG DQG WKH
HOHFWURPDJQHWLF YHFWRU SRWHQWLDO LV VROYHG
WKURXJKRXW WKH HQWLUH GRPDLQ 7KH VROXWLRQ IRU
IOXLGIORZDQGKHDWWUDQVIHU LVUHVWULFWHGWRWKH
FRPSXWDWLRQDO GRPDLQ RI WKH GURSOHW  7KH
K\GURG\QDPLF ERXQGDU\ FRQGLWLRQ  LV
LPSRVHG RQ WKH VXUIDFH RI WKH GURSOHW  )OXLG
IORZ LV GULYHQ E\ WKH WLPHDYHUDJHG /RUHQW]
IRUFH 5HJ[B EXW WKHUH LV DOVR D UDGLDO
GDPSLQJ IRUFH




















    D[LDO PDJQHWLF ILHOG B=%V Ö z .7KH GURSOHW LV
KHDWHG LQWHUQDOO\ E\ WKH WLPHDYHUDJHG -RXOH
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ZKHUH rlaserLV WKH UDGLXV DW ZKLFK WKH ODVHU
LQWHQVLW\LVOHVVE\DIDFWRURIH
 ZlaserLVWKH






































SUHVVXUH WKH FRQWRXUV DUH VWUHDPOLQHV RI











Figure 8.(IIHFWLYHFXUUHQWW OHIWDQGW VHF

7KHVHUHVXOWVVKRZWKHLQIOXHQFHRIWKH/RUHQW]
IRUFH ZKLFK SXVKHV WKH PHOW LQZDUGV DQG
XSZDUGV  $V WKH FRQILQHPHQW IRUFH IURP WKH
FRLOVEHFRPHVZHDNHUWKHWRSSRUWLRQRIWKHPHOW
FRQWLQXHV WR GULIW XSZDUGV PRYLQJ XQGHU LWV
RZQ LQHUWLD EXW HYHQWXDOO\ FRPHV WR UHVW
*UDYLW\ FDXVHV WKH PHOW WR VLQN GRZQZDUGV
ZKHUHXSRQWKHFRQILQHPHQWIRUFHIURPWKHFRLOV
EHFRPHV VWURQJHU RQFH PRUH DQG WKH F\FOH LV
UHSHDWHG7KHUHVXOWLVDQRVFLOODWRU\SDWWHUQDNLQ
WR ³ERXQFLQJ´ ZKLFK LV HYHQWXDOO\ GDPSHG E\
WKHHIIHFWRIYLVFRVLW\7KHILQDOVWHDG\VWDWH
UHSUHVHQWVDEDODQFHRIVXUIDFHWHQVLRQJUDYLW\
DQG PDJQHWLF SUHVVXUH  6XFK D VWHDG\VWDWH
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UHJLRQ OHDGV WR KLJKHU OHYHOV RI MRXOH KHDWLQJ
7KHPRGHOLQ)LJFDQEHUHEXLOWYDU\LQJWKH
QXPEHUV RI VHJPHQWV DQG JDSZLGWK WR \LHOG











 ZKLFK VKRZV SUHVVXUH DQG VWUHDPOLQHV RI
PDJQHWLFIOX[IRUDVWDWLFPDJQHWLFILHOGRI7
)LJ  VKRZV WKH FRUUHVSRQGLQJ WHPSHUDWXUH
GLVWULEXWLRQ WKURXJKRXW WKH GURSOHW DW WKH VDPH
VHW RI VQDSVKRWV ZKHQ WKH ODVHU PRGXODWLRQ
IUHTXHQF\ LV +]  7KLV VLPXODWLRQ ZDV
SHUIRUPHG XVLQJ WKH RSHUDWLQJ FRQGLWLRQV
UHSRUWHG LQ >@ VHWWLQJ WKH LQLWLDO WHPSHUDWXUH










Figure 10.  3UHVVXUHGLVWULEXWLRQRQHRVFLOODWLRQ


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
Figure 11.  7HPSHUDWXUHGLVWULEXWLRQRQHRVFLOODWLRQ


)LJ  VKRZV WKH zGLVSODFHPHQW PP RI WKH
WRS RI WKH GURSOHW UHG FXUYH DQG WKH WLPH
DYHUDJHGD[LDOFRPSRQHQWRIWKH/RUHQW]IRUFH
P1RYHUDWLPHLQWHUYDORIRQHVHFRQG7KH
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
Figure  12.    )RUFH DQG D[LDO GLVSODFHPHQW  VHF
LQWHUYDO






























)LJ  VKRZV WKH WUDQVLHQW HYROXWLRQ RI WKH
WHPSHUDWXUH DW WKH ERWWRP SRODU D[LV RI WKH
GURSOHW 7KH LQLWLDO WHPSHUDWXUH XQLIRUPO\
GLVWULEXWHGLV.7KHRVFLOODWLRQVDUHGXH
WR WKH D[LDO WUDQVODWLRQDO PRWLRQ ZKLFK FDXVH
YDULDWLRQLQWKHOHYHORI-RXOHKHDWLQJ1RWHWKDW
WKH SHULRG RI HDFK WHPSHUDWXUH RVFLOODWLRQ
VHFLVPXFKOHVVWKDQWKHSHULRGRIWKHODVHU
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LPSRUWDQW UHOHYDQFH WR WKH UHFHQWO\ GHYHORSHG
H[SHULPHQWDO WHFKQLTXH UHSRUWHG LQ >@ 7KH
DELOLW\ WR SUHGLFW WKH WHPSHUDWXUH ZDYHIRUP DW
WKH ERWWRP SRODU D[LV RI WKH GURSOHW LQ WKH
SUHVHQFHRID[LDOLQVWDELOLW\LVLPSRUWDQWLQWHUPV
RI TXDQWLI\LQJ HIIHFWV ZKLFK FRXOG GLVUXSW WKH
PHDVXUHPHQWRIWKHWKHUPDOFRQGXFWLYLW\

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